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Abstract

Measurements of electrical capacitance are essential in various fields of electrical engineering, electronics and other
fields. Capacitance measurements are necessary for correct design of electrical circuits and devices. Such measurements help
ensure the stability and reliability of electrical systems such as power supplies, filters, capacitors, etc. In some applications,
such as radio transmitters, filters, and other electronic devices, it is needed to maintain certain frequency characteristics.

It is critical and appropriate to consider various factors related to the drift of the measuring instrument or measurement
standard when performing measurements to ensure the required accuracy and reliability of the measurements. The study of
the time drift of the measurement standard is mandatory when carrying out comparisons of national measurement standards.
The types of the drift and main methods of its evaluation for measuring instruments and measurement standards between
their calibrations were analysed.

A conventional method of the long-term drift analysis involves the use of regression models followed by their detailed
analysis. Such models are specific mathematical functions that describe theoretical values that best represent the underlying
bias in the time series for the long-term drift. Exponentially Weighted Moving Average (EWMA) charts reduces the lag
inherent in conventional moving averages by giving more weight to recent observations.

The results of the evaluation of the long-term drift of measurement standards of electrical capacitance for high-precision
calibration of measurement standards by polynomial regression diagrams and EWMA charts are given. Polynomials of the
2 degree were sufficient to approximate the drift of electrical capacitance measurement standards under consideration. The
application of EWMA charts showed greater sensitivity to drift changes over the past few years of observations compared to

the regression analysis. Consistent results were obtained.
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Introduction

Measurements of electrical capacitance are es-
sential in various fields of electrical engineering,
electronics and other fields. Capacitance measurements
are necessary for correct design of electrical circuits
and devices. Such measurements help ensure the
stability and reliability of electrical systems such
as power supplies, filters, capacitors, etc. In some
applications, such as radio transmitters, filters, and
other electronic devices, it is needed to maintain certain
frequency characteristics. In research projects, high-
precision capacitance measurements are an integral
part of developing new technologies, improving existing
devices, and solving specific tasks [1—5].

The instrumental drift of a measuring instrument
is characterized by a continuous or gradual change in
readings over time due to a change in metrological
characteristics of the properties of the instrument or
a measurement standard [6]. It is related neither to
a change in the quantity being measured nor to a change
in any recognized influence quantity, and applies
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both to the measuring instrument and to the mea-
surement standard [7, 8]. A drift line is a line along
which points representing data from a certain time
series of data are located on the graph.

It is critical and appropriate to consider various
factors related to the drift of the measuring instru-
ment or measurement standard when performing
measurements to ensure the required accuracy and
reliability of the measurements. The study of the
time drift of the used measurement standard is man-
datory when carrying out comparisons of natio-
nal measurement standards. Accurately accounting
for the drift helps maintain measurement accuracy,
while unaccounted drift can lead to significant mea-
surement uncertainties. To establish and change
calibration intervals for measurement standards and
measuring instruments, the long-term drift shall be
mandatory evaluated. A standard drift is one of the
components of the combined measurement uncer-
tainty, so accounting for it helps improve measure-
ment accuracy [9].
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The weight of the value in the Exponential
Weighted Moving Average (EWMA) chart decreases
exponentially for each subsequent period in the past.
The EWMA value contains a pre-calculated average,
meaning that the calculated result becomes cumulative.
All received data contribute to the result, but this
contribution is reduced when calculating the next
period of the EWMA chart [10, 11].

Evaluation of the drift of measurement standards between
calibrations

The ordinary least squares method (OLS) cannot
be used to reliably estimate calibration results, since it
makes sense only under certain conditions [12], so it is
not used further in the paper. Such conditions can be:

« absence of uncertainty associated with x
(measurement uncertainties always arise during
calibration);

* the measurement uncertainty is constant over
the entire measurement range (this rarely occurs du-
ring calibration);

» there is no covariance between x,(f) and
y(?#) (these deviations are often encountered during
calibration).

At the same time, the least squares method in
some cases can be used to estimate calibration intervals.

In [12] it is proposed to consider the established
corrections to account for the real deviation, as well as
the average value and standard deviation of the received
corrections to evaluate the drift of a measurement
standard or measuring instrument. These characteristics
reflect the contribution of the instrumental drift to
the measurement uncertainty.

The instrumental drift of measuring instruments
or measurement standards is identified in [13]. In
this case, both systematic and random drift are
distinguished. Due to systematic drift over time, the
model that establishes the relationship between the
measured and “true” values changes. The deviation
of the selected model and obtained real values during
the calibration process is characterized by random drift.

The calibration model often takes the form of
a polynomial regression of appropriate degree » (usual-
Iy 1, 2 or 3) and is used to describe the relationship
between the values of y(f) and x(7):

y(t)=a0+ia,xi(t), (D)

where a,(i=0,1,...,n) is some number; x(f) is
the value of the input value in degree i (i=1,...,n).
A general method of optimization and justifica-
tion of calibration intervals of measuring instruments
or measurement standards is proposed in [14]. It is
necessary to account for the changes in metrological
characteristics of measurement standards and measuring
instruments to ensure the optimization and justification
of their established calibration intervals for a particu-
lar laboratory. It is also necessary to consider the

contribution of the used measurement standards and
measuring instruments to the evaluation of combined
measurement uncertainty for real measurement con-
ditions.

The long-term drift of measurement standards
is considered in [15] which is also recommended in
the international standard IEC/ISO 17025 [9] and the
JCGM 100 guide [16]. Control charts with simulations
and real data packages are presented and validated.
Time series analysis using EWMA charts may be more
appropriate than conventional control charts. Auto-
correlation of measurement data over long periods of
time limits the relevance of control charts.

The algorithm for random drift of metrological cha-
racteristics of measuring instruments is described in
[17]. An overview of methods for considering the drift
of measurement standards and measuring instruments,
implying the use of calibration data of measuring
instruments is given. Analysis of such methods is useful
in establishing necessary statistical characteristics to
evaluate the drift. Such characteristics make it possible
to predict possible drift of a measurement standard
or measuring instrument. This allows making all the
necessary adjustments when receiving measurement
results.

A method of correlation evaluation of the deviation
drift in time is presented in [18]. The method is based
on the analysis of the sample and the calculation
of the standard deviation to obtain a corresponding
unbiased maximum mean. If the deviation drift is
greater than the unbiased maximum mean, then it
is considered to have a strong time correlation. In
another case, the deviation drift is considered to have
no time correlation, so part of the deviation drift can
be ignored when calculating the amount of drift.

In [19], a method for considering the time drift
is proposed, which is based on the requirements
of the JCGM 100 guide [16]. A linear regression
of the resulting measurement data can be used to
evaluate additional components of the combined
measurement uncertainty. Options for evaluating the
measurement uncertainty of the drift after calibration
of measuring instruments are suggested. A single value
for the combined measurement uncertainty within
the calibration interval can be obtained based on the
application of the proposed methods.

In general, the contribution of the time drift to the
combined measurement uncertainty of a fine calibration
cannot be averaged over a series of measurements
because the characteristics of such drift may not be
sufficiently stable. A method for suppressing parasitic
effects during a slow drift is presented in [20]. The
effectiveness of this method is illustrated by applying
the resulting optimal strategies to some precision
measurements.

The ability to compare obtained measurement
results and assess temporal changes in the combined
measurement uncertainty is limited for evaluation of
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the accuracy and precision of laboratory measure-
ments. Correcting the drift estimate and establishing
assumptions for users to evaluate measurement un-
certainty is an important component for evaluating
the calibration results of measuring instruments and
measurement standards [21].

Evaluation of the drift of electrical capacitance mea-
surement standards for calibrations using two methods

A conventional method of the long-term drift
analysis involves the use of regression models followed
by their detailed analysis. Such models are specific
mathematical functions that describe the theoretical
values that best represent the underlying bias in the
time series for the long-term drift [7, §].

The coefficient of determination R? is conventio-
nally used when evaluating the accuracy of a drift line
model in the form of a polynomial regression:

R*=¢ /o2, )
where o; and o, are dispersions of theoretical data
obtained according to the drift model and empiri-
cal calibration data, respectively.

The most reliable and adequate approximation of
the drift line to the investigated process in time is if
the value of its coefficient of determination is equal
to or close to 1. In the key and additional reconcilia-
tions of national measurement standards of electric
capacity, only linear regression was used to describe
the drift line of transfer measurement standards.

A new accurate capacitance measurement me-
thod using an Ultra-Precision Capacitance Bridges
is described in [22]. The measurement results of the
capacitance measurement standards of 10 pF and
100 pF at frequencies of 1 kHz and 1.592 kHz, obtained
using the proposed method, were compared with the
measurement results obtained using a conventional

substitution method. The measurement uncertainty
for a capacitance measurement standard of 10 pF was
4.3 uF/F, and for a capacitance measurement stan-
dard of 100 pF it was 4.4 uF/F at a frequency of
1 kHz. The drift of the used measurement standard
for 100 pF was evaluated as 0.11 (uF/F)/year.

Ukrainian national measurement standards
of electrical capacitance units were established at
the SE “Ukrmetrteststandard” (Kyiv, Ukraine) in
2009 and used for precision calibrations of working
electrical capacitance measurement standards. Those
measurement standards took part in comparisons of
national measurement standards within the framework
of regional metrology organizations from 2009 to 2017
[23—27]. Time series of measurement data of the
capacitance measurement standard are available from
2011 to 2022.

The capacitance measurement Andeen-Hagerling
model AHI1A of 10 pF (no. 01327) and 100 pF
(no. 01328) are reference measures for national
metrological traceability for electric capacitance mea-
surements which have drift not more than 0.3 ppm/year
[23—27]. Long-term drifts of the specified reference
measures are evaluated by a 2" order polynomial and
are shown in Figs 1 and 2. In the figures, the green
solid line is the average drift value, the red dotted line
is the polynomial approximation of the measure drift.
The R? values for these capacitance measures are 0.12
and 0.70, respectively. They confirm the adequacy of
the obtained polynomial approximations.

The measure of 10 pF has an average value of
10.000005 pF, and the measure of 100 pF has an
average value of 100.00007 pF. The difference between
the maximum and minimum values of both specified
measures does not exceed 0.8 ppm. The difference
between the first and last values for both measures is 0.
Both measures are in the same constructive case
and had unexplained anomalous values in 2018.
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Fig. 1. Capacitance measure of 10 pF drift from 2011 to 2022
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Fig. 2. Capacitance measure of 100 pF drift from 2011 to 2022

Also, anomalous values of both measures were recor-
ded during comparisons in 2009 [25, 26].

The EWMA method uses an exponentially
weighted moving average derived from a time series
of data. The obtained value using this method has
a cumulative value. The weight of this estimation
decreases exponentially compared to each previous
period. The EWMA method can be a good tool
for capturing small bias in average values over time.
This makes it possible to obtain and analyze the
long-term drift of metrological characteristics
of measurement standards or measuring instru-
ments [10].

The EWMA statistic at time 7 is calculated re-
cursively from the individual data points for data
Y, Y, ..., Y. The first EWMA, statistic is the arith-
metic average of historical data. The EWMA chart
can be sensitive to small drift by the choice of the
special weighting factor A:

EWMA,,, =LY, +(1-L) EWMA,. (3)

The usual range of values for factor A is from 0.2
to 0.3 [10].

The centre line (CL) of the EWMA chart
represents the average of the historical data. The up-
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Fig. 3. Drift for measure of 10 pF with EWMA from 2011 to 2022
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Fig. 4. Drift for measure of 100 pF

per (UCL) and lower (LCL) limits are determined by
the expressions:

UCL = EWMA, + ks 4)

(2-3)’

A

LCL = EWMA, —ks ,
(2-%)

)

where k is a multiplicative factor which is usually
chosen to be 2 or 3, and s is a standard deviation of
the historical data. The function under the radical is
a good approximation to the component of the stan-
dard deviation of the EWMA statistic that is a func-
tion of time.

The evaluation results of the long-term drift of
a capacitance measurement standard of 10 pF and
100 pF at a frequency of 1 kHz using the EWMA are
shown in Figs 3 and 4 (k=3, A=0.2). In the figures, the
green solid line is the average drift value — CL, the red
dotted line is UCL or LCL chart limits. The last points
of the diagrams on those figures for both capacitance
measures are within the calculated control limits.

For measure of 10 pF, the average drift value
is 10.000002 pF, and for measure of 100 pF, it is
100.000071 pF. The UCL and LCL values for the mea-
sure of 10 pF are 10.000003 pF and 10.000001 pF,
and for the measure of 100 pF — 100.000083 pF and
100.000059 pF, respectively. The measure of 10 pF
values is completely within controllable limits, and

with EWMA from 2011 to 2022

the measure of 100 pF values are almost all within
controllable limits.

Summary

Regression analysis methods are most often used
to evaluate the drift of almost all electrical measures,
in particular capacitance measures, which are used in
the calibration of measuring instruments. The EWMA
reduces the lag inherent in conventional moving
averages by giving more weight to recent observations.
Therefore, the EWMA chart was chosen to further
analyse a very small long-term drift of high-precision
capacitance measurement standards.

Polynomial regression and the EWMA charts were
used to evaluate the drift of electrical capacitance
measurement standards for high-precision calibrations.
The EWMA statistics are weighted averages, so their
standard deviations are smaller than the standard
deviations of the raw data. Polynomials of the 2"¢
degree were sufficient to approximate the drift of the
electrical capacitance measurement standards under
consideration. Consistent results were obtained. The
application of the EWMA charts showed greater
sensitivity to the drift changes over the past few years
of observations compared to the regression analysis.

Simultaneous use of the regression analysis
method and EWMA can be useful for levelling the
shortcomings of each method. This allows considering
the detected changes in the process of calibration of
other measures or measuring instruments.

22
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AHoTauis

BumMiptoBaHHsI eJIeKTpUYHOI €MHOCTI BaXkKJIMBi B PI3HUX Tajy3sdX €JeKTPOTEXHiKU, €JeKTPOHiKM Ta iHIIMX cdepax.
BumipioBaHHSI eMHOCTI HEOOXiIHI /151 TIPABUIBLHOTO MPOEKTYBAHHS €JEKTPUYHUX JIAHIIOTIB i mpucTpoiB. Taki BUMiptoBaHHS
JIOTIOMAralTh 3a0e3MeYUTH CTAOUIBHICTh i HAOiHICTDh €JIEKTPUUYHUX CHCTEM, TaKUX SK JIKepeila >KUBJICHHS, (iIbTpH,
KOHJIEHCATOpU TOIlO. Y AesKWX IMporpamax, Takux sIK pajionepenaBadi, GigbTpu Ta iHIII €JeKTPOHHI MPUCTPOi, BaxKJIUBO
MiITPUMYBATU TEBHI YaCTOTHI XapaKTePUCTUKM.

Jns 3abe3nevyeHHs] HEOOXiMHOI TOYHOCTI Ta HaliliHOCTi BMMIipIOBaHb BaXJIMBO Ta NOLIJIBHO BpPaxoBYBaTH pPi3HO-
MaHiTHi (akTopu, MoB’sa3aHi 3 ApeiihoM BUMIPIOBAJbHOIO Mpuiany ado eranoHa. [docmimkeHHs apelidy eTajoHa B 4Yaci
€ 00OB’SI3KOBMM TIpU TPOBENEHHI 3BipeHb HalliOHAJbHUX eTajoHiB. OliHKa AOBrOCTPOKOBOro Apeiipy € 000B’I3KOBOIO
JIJI1 BCTaHOBJIEHHS iHTepBajiB KamiOpyBaHHs. [IpoBeaeHO aHaji3 BumiB Apeiidy Ta OCHOBHMX METOMIB MOro OLIHKMW IS
3ac00iB BUMIpIOBaHb i €TAJIOHIB MiX iX KaJliOpyBaHHSIMMU.

TpaguuiitHuii MeToa aHaji3y JOBrOCTPOKOBOIO Apeiidy nepeadavyae BUKOPUCTAHHS perpeciiHux Moaeseil i3 HacTyImHUM
iX meraJbHUM aHajizoM. Taka Molejlb € KOHKPETHOI MaTeMaTUYHOIO (DYHKIIIE€IO, 110 OMUCYE TEOPEeTUYHI 3HAYEHHS, SKi
Halikpallle JeMOHCTPYIOTh OCHOBHHWI 3CYyB Yy 4YacOBOMY psili JJIsI JOBrocTpokKoBoro apeidy. I'padiku ekcroHeHLiiHOTro
3BaK€HOTO KOB3HOTO cepenHboro (EWMA) 3MeHIyIoTh BilcTaBaHHs, BJaCTUBE TPAAUIIiIHHUM KOB3HUM CepeaHiM, Halalouu
OiIBIIOI Baru OCTAaHHIM CITOCTEPEKEHHSIM.

Haseneno pe3ynbraTé OIIHKM MOBTOTPUBAIOTO JApelidy eTaloHiB eNeKTPUYHOI €MHOCTI IS BUCOKOTOYHOTO
KaiOpyBaHHsI €TaJIOHIB i3 BUKOPUCTAHHSIM ToJiHOMiasibHOI perpecii Ta giarpam EWMA. IloniHoMiB 2-ro ctyneHst OyJjo
IOCTATHBO IJIS ampoKCHMallii Apeidy MOCHimKyBaHUX €TaJOHIB €JIeKTPUYHOI €MHOCTI. 3acTocyBaHHs miarpam EWMA
Mokaszajao Oibllly YyTJAMBICTh 10 3MiH Jpeiidy B OCTaHHiI POKM CHOCTEPEXEHb IMOPIBHSAHO 3 PETPECiiHUM aHali3oM.
Bynu oTrpuMmani mociigoBHI pe3yabTaTu.

Kimouosi ciioBa: 10BrocTpokoBuii ipeiid; eTaJoH eJIeKTPUUYHOI EMHOCTI; HEBU3HAYEHICTh BUMIPIOBAHHSI; MOJIiIHOMIiaJbHA

perpeci;[; eKCIOHEeHIIiiTHEe 3BakeHe KOB3HE CEepCaHE.
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